Introduction
There are various models to explain corneal transparency. The small amount of scattered light produced by this tissue has in particular been extensively researched in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . All previous theories explaining corneal transparency [21] [22] [23] [24] [25] [26] [27] have focused on light propagation in the stromal extracellular matrix.
According to Benedek [21] , light is scattered by way of fluctuations in the index of refraction. The size of these fluctuations must be greater than a half-wavelength of the light in the medium. They can be caused by microstructural alterations, the irregular organization of the extracellular matrix, or by cells [22] . Many studies have attempted to relate form, density, and cell size to the structure of the scattered light [1] [2] [3] [4] [5] [6] [7] 17, 18] . Mourant et al. [12, 13] suggest that the cell itself is responsible for scattering at a small angle. At slightly larger angles, their data indicate that the nucleus is primarily responsible for scattering. Smaller organelles, such as mitochondria and endoplasmic reticulum, are likely responsible for scattering at larger angles. Møller-Pedersen [10, 11] studied these particular unclear aspects. McCally et al. [8] presented the first measurements of light-scattering and their link to the ultrastructure of scars. For a more comprehensive study, see the reviews by Farrell and McCally [28] as well as Freegard [29] .
All of these models were developed and tested in different types of tissues. However, the cornea has a special structure appropriate for light transmission. Previous studies have shown that scattering in a damaged cornea originates from microstructural alterations in the stromal extracellular matrix [8] , as well as different cells such as keratocytes, fibroblasts, or myofibroblasts, or even certain elements of these cells [4, 12, 13] . When the healing process is complete, the stromal extracellular matrix recovers its order partially or entirely [30] [31] [32] . Cells become quiescent, alter their composition, reduce in number and size of organelles, and acquire a refractive index similar to the medium in order to prevent scattering.
Despite all the work conducted, there is still no reliable model that elucidates corneal transparency. The aim of this work is to provide experimental data for corneal transparency and scattering in order help create a more complete model of corneal transparency. *Corresponding author. Email: santiago@opt.uva.es
In the present work, we demonstrated that the total light transmitted (total transmissivity) remains nearly constant over a wide range of direct transmissivity (light transmitted in a forward direction). We found the value of the mean cosine of the scattering to be very close to the unit, even in corneas with high opacities. In any case, scattering concentrates the light on very small angles, as compared to scattering in other tissue types.
A reduction in the light transmitted with small scattering should not dramatically affect imaging quality [33, 34] . Nevertheless, the logarithmic response of the retina and the specific illumination conditions that lead to such small scattering may cause significant visual deficiencies.
Materials and methods

Animals
We tried to obtain corneas at different stages of wound healing using several surgical techniques and postoperative treatments to study the common behavior of light passing through the corneas.
Ninety-six adult hens, Gallus gallus domesticus (2 kg weight) were used. The animals were handled in compliance with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The procedures were approved by the Animal Research Ethics Committee of the University of Valladolid.
Surgical data and methods have already been described in the literature [35, 36] , and here we only explain the details specific to the current experiment. Hens were anesthetized with an intramuscular injection of ketamine hydrochloride (37.5 mg kg À1 ; Ketolar, Parke-Davis S.A., Barcelona, Spain) and xylazine hydrochloride (5 mg kg À1 ; Rompun, Bayer AG, Leverkusen, Germany), followed by topical application of 0.5% tetracaine chlorhydrate and 1 mg of oxybuprocaine (Colircusı´Aneste´sico Doble, Alcon Cusı´, S.A., Barcelona, Spain). PRK or LASIK was performed in both eyes. Each eye was ablated using a 6.0 mm diameter optical zone and received À6:00 D of treatment (68 mm) using an Apex Plus excimer laser (Summit, Waltham, MA). All procedures were performed under an operating microscope.
The animals were divided into seven groups: Group 1:PRK, NO drug treatment (13 ketamine hydrochloride while under general anesthesia. Animals were euthanized at two different time points: 30 and 60 days after surgery. Animals and treatments formed part of a wider study performed by our research group, in which the corneas were used elsewhere.
Scatterometer
The experimental setup was a scatterometer (Figure 1 ) constructed in the Optics Laboratory (The University of Valladolid, Spain). With the help of mirrors and beamsplitters, the light from the three lasers 
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(Red He-Ne 632.8 nm, Green He-Ne 543.5 nm and infrared diode 830.0 nm) was directed toward the cell containing the sample to be measured. A set of polarizers controlled light intensity and defined the beam polarization plane, and a set of shutters enabled selection of probe wavelength. Three optical fibers collected the light spread into the cell and sent it to individual photomultipliers (5). Fibers were placed on a platform (3) that rotates in a horizontal plane driven by a stepping motor (4). The platform's axis of rotation coincides with the impact point of the laser beam on the sample. Fibers were placed 44.5 mm from the axis of the rotation with an angle of 30 between them. With this arrangement, and assuming symmetric scattering [14, 20] , rotating the platform 30 enables the entire angular distribution of the scattered light to be obtained. However, the main reason for having three detection channels was the strong dependence of light intensity on the scattering angle. For this reason, each channel was programmed with a different sensitivity level depending on the measured angular interval. This procedure enabled the angular distribution of scattered light in a range greater than six orders of magnitude to be obtained. In order to control intensity variation of the laser radiation a fourth channel (6) collected part of the light emitted by the laser prior to it reaching the sample.
These corneas were placed on a stainless steel cell (2) which had a 26 mm diameter quartz window on both sides. These windows were 17 mm from each other. A liquid maintenance medium, with a constant temperature, flowed continuously through the cell.
In order to place the cornea properly inside the cell, a device comprising two stainless steel sheets was used. The cornea was placed in a Teflon lodging between the two sheets, forming a 'sandwich'. The Teflon holder is made with a curvature that is similar to the cornea and has a 2 mm diameter hole, which is twice the diameter of laser in order to prevent any interference with the holder (Figure 2 ).
This arrangement does not limit the external measuring angle, which ranged from À85 to þ85 , with respect to the incident beam. The main limitations are the geometry of the cornea-holder (Figure 2 ) and the critical angle of the second surface of the exit window (n ¼ 1:5118). Depending on the refractive index of the immersion solution (n ¼ 1:3330), the maximum scattering angle measured inside the cell was approximately 54
. However, the geometry of the cornea-holder limits this value to 38 . Henceforth, all scattering angles will refer to the inner part of the cell.
The entire system is computer (10) controlled: shutter opening, platform rotating, measure recording, etc. Measurement of the whole angular distribution of scattered light lasts only a few minutes in order to avoid corneal deterioration.
Calibration of the scatterometer
In order to test the experimental apparatus, a measurement of polymeric microsphere suspension (10% and 5%) in distilled water was carried out [17] . The nominal diameter of the microspheres was 3.063 (0.027) mm (Duke Scientific Corporation). The angular scattering distribution for each of the three lasers was measured. The behavior of the experimental setup is shown in Figure 3 , which represents the angular . In order to compare the numerical values calculated and the measured data, the maximum for both curves was normalized at the unit. For 10% suspension and a 543.5 nm wavelength, the behavior proved similar. The good agreement between the measured and calculated data in turn accounts for the reliability of the experimental arrangement. The measurement protocol included recording the angular distribution of light intensity from the maintenance liquid without the cornea. These 'control' measurements were carried out every five or six measurements with the cornea, in which the angular resolution of the scatterometer was provided. The light intensity became half-maximum when the platform rotated 0:48 AE 0:01 for the red laser, 0:48 AE 0:01 for the green laser, and 0:47 AE 0:01 for the infrared laser. It diminished at a factor of 10 when the platform rotated 0:79 AE 0:02 for the red laser, 0:79 AE 0:02 for the green laser, and 0:75 AE 0:01 for the infrared laser. The angular resolution of the scatterometer is thus less than 1 . These 'control' measurements also allow the accuracy of the transmissivity values to be calculated. Maximum light intensity in arbitrary units was 2:06 AE 0:20 for the red laser, 2:27 AE 0:20 for the green laser, and 2:06 AE 0:09 for the infrared laser. Experimental transmissivity values thus have an estimated uncertainty of around 10% after considering the different sources of experimental error.
Laser stability and fluctuation, measurement of shutter opening and closing times, and platform rotation angle were all previously carried out.
The polarization effect was also taken into account. Data were processed with routines developed by the authors. The code calculated the transmission factors of the boundary liquid-quartz and quartz-air (Fresnel's formulas). The measured data were calculated with the scattering intensities and angles inside the cell that were just behind the cornea. Henceforth, scattering intensity and angles will refer to the inner part of the cell.
The scatterometer was examined to ensure it had no detectable anisotropy. Several measurements with maintenance liquid (without the cornea) were performed for horizontal, vertical, and 45 polarizations, respectively. Results were indistinguishable within experimental error (10%).
Ex vivo scattering measurements
Using the previously described experimental setup, we measured the light transmission and scattering properties of 96 corneas: normal and surgical corneas after photorefractive keratectomy (PRK) and laser in situ keratomileusis (LASIK). The different treatments and surgical techniques have been described in detail in previous works [35] [36] [37] , although some additional details concerning the present experiment will be provided here. The corneas ranged from healthy with close to 100% transmissivity to others that were nearly fully opacified, depending on the periods after surgery and treatments. Nevertheless, in this present work, we center on the correlation between transmissivity and scattering.
Once the cornea was removed from the animal, the surgeon carefully placed it in the cornea holder, attempting in turn to maintain it as stretched as possible. When the cornea holder was closed, the cornea conforms to this shape. The entire cornea was placed in the cell filled with maintenance liquid at a constant temperature and continuous flow. The refractive index of liquid (1.333) is very close to that of the cornea, helping in turn to eliminate any scatter from the liquid-cornea interface, irregularities of the corneal surface, and reduction of light convergence by the cornea. However, the cell used in this experiment produced no pressure difference between both sides of the cornea. Furthermore, a removed cornea tends to lose its tension. All of these effects cause problems in the light transmission measurement. Special care was thus taken when placing the cornea on its holder so as to ensure there were no wrinkles. As indicated above, when the cornea holder is closed, the cornea conforms to the shape of the holder (see Figure 2 ), similar to the original cornea shape, which is why transmission measurements were very close to cornea transmission before removal. Special care was also taken to prevent the formation of small bubbles adhering to the cornea.
The experiment optimized the reduction of time needed for ex vivo measurements and thus avoided tissue transparency loss. Total measurement time for each cornea was approximately 15 min although control experiments showed that tissue transparency remained unchanged even after one hour.
Corneal scattering was also seen to evidence rotational symmetry centered on the optical axis [38] , [39] . This was examined by comparing several measurements, rotating the cornea, and the polarization of the incident light. Results obtained were identical to experimental errors. For this reason, vertical polarization was always used and angular scanning was performed on the horizontal plane. To calculate the
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integral magnitudes we used the rotational symmetry properties of the scattered light.
Results
For each cornea, measurements were taken for 146 angular positions ranging from À1:2 to þ85 outside the cornea cell, corresponding to the À0: 9 and 48:6
inner part of the cell. Data processing provided the following magnitudes for every wavelength:
(a) angular distribution of the scattered light; (b) mean cosine of the scattering angle, g; (c) transmission in a forward direction, which will be referred to as direct transmissivity; (d) ratio between total transmitted energy integrated for all angular positions and total incident energy, which will be referred to as total transmissivity; (e) the half-width of the angular distribution of the scattered light for intensities corresponding to 1/2, 1/10, 1/100, 1/1000, 1/10,000, and 1/100,000 of maximum intensity. Figure 4 shows total transmissivity versus direct transmissivity for all the corneas. Total transmissivity showed significant data dispersion, partly due to the experimental error of the measurement. Angular intensities that contributed most to the final total transmissivity value corresponded to large angles, which unfortunately have larger errors. Despite data dispersion, total transmissivity value remains almost constant at approximately 88% for all the wavelengths used as well as for both treated and normal corneas. A slight increase was observed with direct transmissivity, except for corneas whose direct transmissivity was below 10%.
Correlation of total transmissivity to direct transmissivity
The mean cosine of the scattering angle
The measured scattering angular distribution I() of a cornea with 22% transmissivity can be seen in Figure 5 . When assuming single scattering, it is possible to calculate the mean cosine of a scattering angle, g, from the angular intensity measurement I() via:
where is the scattering angle and d! the solid angle. The mean cosine of the scattering angle (g) versus direct transmissivity is shown in Figure 6 . Except for corneas with very severe opacities (direct transmissivity 510%), the value of g is very close to the unit (g 4 0:99). This value is acceptable in healthy corneas, since scattering is very small. However, in most tissues [40] g is usually between 0.6 and 0.9. This behavior of g indicates that even damaged corneas present very small scattering compared to other biological tissues. In order to lose these properties, very severe opacity must be present, allowing transmissivity below 10%. Figure 7 shows the half-width of the scattering angular distribution for intensities corresponding to 1/100 of the maximum intensity for the red wavelengths. Angular width is expressed in degrees. The lower the direct transmissivity the greater the angular distribution and width. There is a correlation (log-log) between scattering width and direct transmissivity. However, this correlation disappears in the tails of the scattering curve (intensities below 1/100 of the maximum). The same behavior was observed for all the different wavelengths.
The scattering angular distribution
Discussion
The avian cornea consists of five layers: epithelium, Bowman's layer, stroma, descemet layer, and endothelium. The vast majority of corneal thickness (90%) is stroma, which is made up of collagen fibrils in layers or 'lamellae' in the plane of the cornea and keratocytes [41] . The difference between human and avian corneas is the orientation of the grids at different successive levels [42] and the bilateral asymmetry [43, 44] . During corneal wound healing, the natural conformation of the extracellular matrix is altered, along with changes in cellular density and phenotype, linked to the production of disorganized extracellular matrix components. The result is a decrease in transmission and an increase in scattering.
Despite data dispersion, we found that total transmissivity is approximately 88%. This result confirms that absorption, backscattering (haze), and reflection are small, approximately 12%. This was known in healthy as well as slightly injured corneas [28, 29] . Moreover, this result is extended to corneas with severe opacities.
This finding is compatible with other experimental data. Jester et al. [4] measured reflection and backscattering and found a remarkable increase in damaged regions with a high density of keratocytes. This behavior is interpreted as the lack of protein ALDH3 in the keratocytes and the consequent reduction in homogeneity in the refractive index of corneas. Indeed, as direct transmissivity decreases there is a small reduction in total transmitted energy, which is compatible with the increase in backscattering.
As McCally et al. [8] show, direct transmissivity depends on the structure organization of the tissue. Furthermore, the shape of the central part of the scattering curve is related to the types of cells that make up the corneal tissue [12] . This is different for each cornea, depending on the course of the healing. Therefore, the scattering curve and transmission are not necessarily related. Obviously, the greater the corneal wound the more disorganized the tissue, and there are also a larger number of elements that contribute to scattering. For this reason, there is always a correlation between scattering widths and transmission.
An increase in the scattering angular width implies a decrease in contrast sensitivity. As shown in this work (Figures 4 and 6 ) most of the scattered light comprises small angles. The mean cosine value of scattering is very close to the unit even in seriously damaged corneas. However, absorption, reflection or backscattering would have no significant impact on the quality of the retinal image. It might then be posited that a reduction in contrast sensitivity should not appear in this type of corneal lesion and that the information given by scattered light for large angles should prove irrelevant. However, the retina's sensitivity is logarithmic, which implies that very low intensities can be detected if ground illumination is low. These conditions are broken when outer illumination is extremely low and there is an intense luminous point, in which case the information given by scattered light for large angles does prove relevant.
In conclusion, direct transmissivity reduction of each cornea is related to an increase in scattered light, which might be due to the damaged tissue's lack of structure or to the cells that appear in the healing process. In any case, scattering concentrates the light on very small angles, as compared to scattering in other types of tissues. This behavior is reasonable in corneas that are healthy or present minor lesions, but remains in corneas that are severely injured. In our opinion, this allows corneas with high opacities to maintain a certain capacity to form images in the retina.
